Processing of Drosophila endo-siRNAs depends on a specific Loquacious isoform RUI ZHOU, 1, 4 BENJAMIN CZECH, 2,4 JULIUS BRENNECKE, 2,5 RAVI SACHIDANANDAM, 2, 6 JAMES A. WOHLSCHLEGEL, 3 NORBERT PERRIMON, 1 and GREGORY J. HANNON INTRODUCTION Drosophila melanogaster expresses a wide variety of small RNAs, which are classified based on their mechanism of biogenesis and the Argonaute proteins to which they bind. MicroRNAs (miRNAs) are a class of ubiquitously expressed small RNAs, typically, z22-23 nucleotides (nt) in length. They are derived from endogenous transcripts capable of forming hairpin-like structures, which are sequentially processed by Drosha/Pasha and Dcr-1/Loqs complexes (Lee et al. 2003 (Lee et al. , 2004 Denli et al. 2004; Förstemann et al. 2005; Jiang et al. 2005; Saito et al. 2005) . They predominantly associate with Argonaute-1 (AGO1) and regulate the expression of protein-coding genes (Bartel 2004; Bushati and Cohen 2007; Eulalio et al. 2008) . Piwi-interacting RNAs (piRNAs), typically, z24-28 nt in length, associate with Piwi-family proteins. The expression of piRNAs is mainly restricted to gonadal tissues, where they function in silencing of mobile elements and repeats Brennecke et al. 2007; Gunawardane et al. 2007; Klattenhoff and Theurkauf 2008) . Recently, a third class of endogenous small RNAs was identified in both the germline and the soma of Drosophila: endogenous small interfering RNAs (endo-siRNAs) (Czech et al. 2008; Ghildiyal et al. 2008; Kawamura et al. 2008; Okamura et al. 2008) . Endo-siRNAs are predominantly 21 nt in length and are derived either from long endogenous transcripts capable of forming extensive fold-back structures, or are processed from double-stranded regions formed by intermolecular hybridization of convergently transcribed mRNAs. EndosiRNAs usually join Argonaute-2 (AGO2) and function in the regulation of gene expression and transposon silencing. The biogenesis of endo-siRNAs and miRNAs depends on a number of protein complexes containing RNA processing enzymes and their dsRNA-binding protein (dsRBPs) partners. In the case of miRNA processing, the nuclear type III ribonuclease Drosha associates with the dsRBP, Pasha, and processes primary miRNA transcripts to pre-miRNAs (Lee et al. 2003; Denli et al. 2004; Gregory et al. 2004) . In a second step, the cytoplasmic Dicer enzyme Dcr-1, assisted by the dsRBP Loquacious (Loqs/R3D1), further processes pre-miRNAs to mature miRNAs (Förstemann et al. 2005; Jiang et al. 2005; Saito et al. 2005) . In contrast, processing of long dsRNA precursors into siRNA duplexes depends on a second Drosophila Dicer protein, Dcr-2 ( Lee et al. 2004 ). The canonical Dcr-2 partner R2D2 seems not to be required for the production of siRNAs. Instead, it was found to impact the loading of siRNA duplexes into the RNA-induced silencing complex (RISC) and proper guide strand selection (Liu et al. 2003; Tomari et al. 2004 ). In general, it is believed that the dsRBPs contribute to the substrate specificity of their partner RNA processing enzymes.
The dsRNA binding protein Loquacious was identified in Drosophila as a component of a complex that also contains the type III RNase Dicer-1 (Dcr-1). Genetic experiments suggested that Loqs was required for efficient miRNA biogenesis (Förstemann et al. 2005; Jiang et al. 2005; Saito et al. 2005; Liu et al. 2007 ). Loss of loqs mainly impacted the final step of miRNA processing as indicated by the accumulation of pre-miRNAs, which are formed by Drosha/ Pasha complexes. Mutations in loqs also reduced levels of a subset of mature miRNAs, consistent with the impacts of these lesions on Drosophila viability and fertility (Förstemann et al. 2005; Jiang et al. 2005; Saito et al. 2005; Liu et al. 2007; Park et al. 2007; Ye et al. 2007) . Recently, it was found that loss of loqs strongly reduced levels of endogenous siRNAs (endo-siRNAs) derived from structured loci in both S2 cells and flies (Czech et al. 2008; Okamura et al. 2008) .
In Drosophila, the alternative splicing of loqs transcripts was reported to produce three distinct isoforms: loqs-RA, RB, and RC (Förstemann et al. 2005; Jiang et al. 2005) . These are translated into three protein isoforms, Loqs-PA, PB, and PC. RB is the isoform predominantly expressed in ovaries, whereas RA is the principal isoform found in males. The third mRNA isoform, RC, was detected only in Drosophila S2 cells (Förstemann et al. 2005) . While Loqs-PB was sufficient to rescue the miRNA processing defects of loqs KO flies, Loqs-PA was incapable of restoring proper miRNA processing , indicating that these Loqs isoforms had distinct functions during development.
Here we examined the roles of individual Loqs isoforms in different small RNA pathways and characterized the activity of a novel Loqs isoform, Loqs-PD. We show that coordinated depletion of all Loqs isoforms in cultured cells affects the biogenesis of both miRNAs and endo-siRNAs, whereas cells singly depleted of Loqs-PB or Loqs-PD show an impact only on the miRNA or on the endo-siRNA pathway, respectively. While the re-expression of Loqs-PD restored endo-siRNA levels in cultured cells that had been depleted of all Loqs isoforms, Loqs-PD was incapable of rescuing miRNA processing defects. Moreover, we show that Loqs-PD preferentially interacts with Dcr-2, the enzyme responsible for the processing of all endo-siRNA species. Considered together, our studies demonstrate that a single Loquacious isoform, Loqs-PD, is necessary and sufficient for the biogenesis of several types of endogenous siRNAs.
RESULTS AND DISCUSSION
Using quantitative proteomics of Loqs immunoprecipitates from flies and Drosophila S2 cells, we identified physical interactions of Loqs with both Dcr-1 and Dcr-2 (Czech et al. 2008) . In order to identify the Loqs isoforms involved in these interactions, we analyzed our proteomics data from immunoprecipitates, prepared using an antibody specific to the N terminus of endogenous Loqs proteins, for isoformspecific peptides. We found no significant peptide evidence for Loqs-PC in cultured cells and flies, whereas both isoforms PA and PB were present. In addition, we detected peptides corresponding to an as-yet-uncharacterized form of Loquacious. These could be assigned to a novel isoform identified by Förstemann and colleagues and termed Loqs-PD ( Fig. 1A, 1B ; JV Hartig, S Esslinger, R Böttcher, K Saito, and Förstemann K, unpubl.) .
To characterize the roles of individual Loqs isoforms in small RNA biogenesis, we examined isoform-specific effects on miRNA and endo-siRNA processing. We depleted various combinations of Loqs proteins using isoformspecific dsRNAs in Drosophila S2 cells (Fig. 1A) . Treatment of S2 cells with dsRNAs targeting loqs-RA, RB, or RC either singly or in combination led to a reduction in steady-state levels of the corresponding transcripts, as measured by RT-PCR (data not shown). In addition, Western blotting confirmed the depletion of specific Loqs isoforms by the corresponding dsRNAs (Fig. 1C) . Notably, while Loqs-PC and PD could not be efficiently resolved by PAGE, cells treated with dsRNAs specifically targeting the PD isoform were effectively depleted of the Loqs protein species migrating at the position of PC/PD (Fig. 1C, lane 11) . This indicated that the Loqs-PC isoform was not detectably expressed and confirmed our findings from the quantitative proteomic analysis of Loqs immunoprecipitates.
We examined the impact of isoform-specific knockdowns on the biogenesis of a prevalent endo-siRNA (Fig.  1D , esi-2.1) and a miRNA (Fig. 1D, miR-bantam) . Depletion of all isoforms upon treatment with dsRNAs targeting common 59-UTR or ORF sequences resulted in the accumulation of the miR-bantam precursor and in a strong reduction of esi-2.1 levels (Fig. 1D, lanes 6-8) , whereas depletion of isoforms PA, PB, and PC by dsRNAs targeting isoform-specific 39-UTRs only affected miRNA processing (Fig. 1D, lane 12) . We observed miRNA processing defects in all cells treated with dsRNAs that cotargeted Loqs-PB (Fig. 1D , lanes 6-9,12-14), whereas the biogenesis of endo-siRNA was affected only if cells were treated with dsRNAs that target Loqs-PD, either singly or together with other isoforms (Fig. 1D, lanes 6-11) . Notably, depletion of Loqs-PD alone caused a strong reduction in esi-2.1 levels, while miRNA processing was unaffected (Fig. 1D , lane 11).
To validate these findings, we depleted all Loqs isoforms in S2 cells using dsRNA targeting shared 59-UTR sequences and tested whether the subsequent introduction of RNAiresistant ORFs directing expression of individual Loqs isoforms was capable of rescuing defects in endo-siRNA or miRNA processing. In control cells, depletion of all Loqs isoforms led to a significant reduction in levels of esi-2.1 (Fig. 1E , lanes 3,4), whereas dsRNAs targeting loqs 59-or 39-UTRs or targeting ORFs caused a moderate accumulation of the miR-bantam precursor (Fig. 1E , lanes 3-5). The expression of Loqs-PA, Loqs-PC, or R2D2 failed to rescue any observed biogenesis defect (Fig. 1E, (16) (17) (18) (19) (20) (26) (27) (28) (29) (30) . In contrast, the re-expression of Loqs-PB effectively rescued miRNA-processing defects (Fig. 1E , cf. pre-miR-bantam levels in lanes 14,15 and lane 13). However, Loqs-PB failed to restore normal endo-siRNA levels (Fig. 1E, lane 14) . The re-expression of Loqs-PD restored levels of esi-2.1 in Loqs-depleted cells (Fig. 1E , lane 24) but was incapable of rescuing miRNA-processing defects (Fig. 1E, cf. lanes 24, 25 and lane 23) . Our observation that the expression of R2D2 was incapable of rescuing any small RNA-processing defect caused by depletion of Loqs strongly suggests that R2D2 and all Loqs isoforms cannot function in a redundant manner. Considered together, these data indicate that only the Loqs-PB isoform is required for the biogenesis of miRNAs and suggest that only Loqs-PD is essential for endo-siRNA production.
To support results emerging from cell culture, we also examined the roles of Loqs isoforms in vivo. Flies expressing the Loqs-PB isoform under the control of its endogenous regulatory elements could rescue both the premiRNA-processing defects and the pronounced phenotypes of loqs-null animals ). Strikingly, homozygous mutant loqs KO flies carrying a Loqs-PB transgene did not regain normal levels of the endo-siRNA, esi-2.1, but did express normal amounts of miR-8 (Supplemental Fig. S1A) . Similarly, the introduction of Loqs-PB also restored normal miR-8 levels in loqs f00791 homozygous mutant flies, whereas endo-siRNA biogenesis defects were not affected (Supplemental Fig. S1B ). The expression of Loqs-PA in loqs f00791 homozygous mutant flies was incapable of restoring either miRNA or endo-siRNA processing (Supplemental Fig.  S1B ). These results are consistent with the observation from cell-based studies showing that neither Loqs-PA nor PB is required for the endo-siRNA pathway. We conclude that Loqs-PB is required for miRNA biogenesis in multiple cell types, whereas Loqs-PD supports endo-siRNA biogenesis. Loqs-PC seems neither to be expressed at significant levels nor to impact small RNA biogenesis. The function of Loqs-PA, which is expressed both in cultured cells and in animals, remains elusive.
Given the unexpected requirement for Loqs in the biogenesis of endogenous siRNAs (endo-siRNAs) (Czech et al. 2008; Okamura et al. 2008 ) and the physical interaction between Loqs and both Dcr-1 and Dcr-2 (Czech et al. 2008) , we sought to investigate whether individual Loqs isoforms might show specificity for either Dicer protein. Immunoprecipitation of Flag-tagged Dcr-2 followed by immunoblotting with an antibody specific to the N-terminus of endogenous Loqs, and thus recognizing all known Loqs isoforms, revealed a strong signal corresponding to the molecular weight of Loqs-PC/PD (Fig. 2A, lane  2) . Since the levels of endogenous Loqs-PC in S2 cells are negligible, the predominant Dcr-2-interacting endogenous Loqs isoform appears to be Loqs-PD. Next, we examined the interactions between various Loqs isoforms and Dcr-2 by expressing Flag-tagged Dcr-2 together with T7-tagged Loqs isoforms in S2 cells. Cell extracts were subjected to anti-Flag immunoprecipitation, and coimmunoprecipitated proteins were detected using an anti-T7 antibody. All four tagged Loqs isoforms and the positive control T7-R2D2 were able to interact with Dcr-2 (Fig. 2B, lanes 7-11) , To increase the length of dsRNAs to facilitate dsRNA uptake by S2 cells, some dsRNAs were fused with a lacZ carrier sequence (indicated by ''-Z''). (D) Northern blots probing levels of an endo-siRNA derived from a structured locus, esi-2.1, and the microRNA miR-bantam (pre-miRNA indicated by the asterisk) in S2 cells treated with dsRNA against the indicated genes (as in C). As a loading control, the membrane was stripped and re-probed for 2S rRNA. (E) Expression of Loqs-PD is sufficient to rescue endo-siRNA processing defects, while only Loqs-PB restores proper miRNA biogenesis. Control cells expressing the TAP epitope alone or those expressing various TAP-tagged proteins were treated twice with various dsRNAs (as indicated on top of the panel) for a total duration of 8 d. The expression of the transgenes was controlled by the basal activity of the metallothionein promoter. Total RNAs were prepared and subjected to Northern blotting using probes against esi-2.1, miR-bantam, and 2S rRNA.
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while no interaction was detected for the negative control T7-Ran (Fig. 2B, lane 12) . Therefore, Dcr-2 seems capable of interacting with all isoforms of Loqs if they are overexpressed. Interestingly, we also found that Loqs isoforms are capable of forming homo-and heterodimers (or even oligomers) with each other, as Flag-tagged Loqs isoforms PA, PB, and PC are capable of pulling down T7-tagged Loqs-PA in coimmunoprecipitation assays (Supplemental Fig. S3 ; data not shown). This could account for the apparent lack of specificity in the interaction between Dcr-2 with individual Loqs isoforms upon overexpression. We also probed the interaction between Loqs isoforms and Dcr-1. We detected robust interaction between endogenous Dcr-1 and TAP-Loqs-PB and a weak interaction between Dcr-1 and TAP-Loqs-PA (Fig. 2C, lanes 1-4) . In contrast, no endogenous Dcr-1 was detected in the TAPLoqs-PC, TAP-Loqs-PD, or TAP-R2D2 complexes.
To test whether the observed binding resulted from protein-protein interaction or from Loqs and Dicer proteins binding independently to the same RNA substrates, we treated immunoprecipitates with RNase. This had no significant effect on the observed interactions ( Fig. 2C ; data not shown). Overexpression of neither a pri-miRNA (primiR-bantam), nor a precursor of the endo-siRNA cluster, esi-2 altered patterns of differential affinity (data not shown), indicating that our experiments detected RNAindependent protein-protein interactions. Therefore, we conclude that two Loqs isoforms, Loqs-PB and to a lesser extent Loqs-PA, are capable of interacting with Dcr-1, a result consistent with findings reported by Förstemann et al. (2005) . In contrast, Dcr-2 predominantly interacts with endogenous Loqs-PD, while other isoforms interact with Dcr-2 to a significant extent only when overexpressed. Considering the restriction of loqs-PC transcripts to S2 cells (Förstemann et al. 2005 ) and the negligible protein levels of Loqs-PC, we conclude that endogenous Loqs-PD is the predominant isoform that interacts with Dcr-2.
In order to investigate the effects of Loqs depletion on small RNA profiles in more detail, we prepared small RNA libraries from S2 cells treated with loqs-ORF dsRNAs and from control knockdown cells, including lacZ, dcr-1, dcr-2, r2d2, and untreated cells (''mock''). These were deepsequenced using the Illumina platform. Normalized cloning counts were plotted by read length to create size profiles (Fig. 3A) . The indicated small RNA categories were isolated from the total library bioinformatically (Czech et al. 2008) . Mature microRNAs populated a broad peak centered around 22-23 nt, and these were decreased most prominently in the dcr-1 knockdown. MicroRNAs appeared to be slightly increased in loqs-ORF and dcr-2 knockdowns as compared to lacZ (Fig. 3A) , probably because of an artifact of library normalization due to the strong impact on endosiRNA levels (Figs. 1D, 3B ). Endo-siRNAs mapping to overlapping transcripts (exonic antisense) were strongly reduced in dcr-2 and loqs-ORF knockdowns (Fig. 3A) . A moderate reduction was also observed for endo-siRNAs derived from the klarsicht locus upon Loqs depletion, while dcr-2 knockdowns had more prominent impacts. Finally, knockdowns of dcr-2 or loqs caused a substantial (z50%) reduction in endo-siRNAs corresponding to repeat and transposon sequences, while the levels of these small RNAs remained unchanged in all other knockdowns tested (Fig.  3A) .
We validated results from small RNA sequencing by Northern blotting. We saw decreased levels of three independent endo-siRNAs derived from structured loci (esi-1.2, esi-2.1, esi-4.1) in dcr-2 and loqs-ORF knockdowns, while knockdown of loqs-BC had no similar impact (Fig.  3B) . Consistent with these small RNA sequencing and Northern blotting results, depletion of all Loqs isoforms, FIGURE 2. Interaction of Loqs isoforms with Dicer proteins. (A) Flag-tagged Dcr-2 coimmunoprecipitates endogenous Loqs-PD. Flag-Dcr-2 immunoprecipitates were subjected to immunoblotting using antibodies against the N terminus of endogenous Loqs and against the Flag epitope. (B) Flag-Dcr-2 was expressed in S2 cells together with T7-tagged R2D2 or various Loqs isoforms. T7-Ran served as a control. Flag-Dcr-2 was immunoprecipitated using an anti-Flag antibody, and the interaction with coexpressed proteins was examined by Western blotting using an anti-T7 antibody. (C) Coimmunoprecipitation of endogenous Dcr-1 with TAP-tagged Loqs isoforms. TAP-tagged proteins were expressed in S2 cells, immunoprecipitated using antibodies against the TAP epitope, and subjected to immunoblotting using antibodies against endogenous Dcr-1 and the TAP tag, respectively. RNase treatment (as indicated on top of the panel) revealed that the strong interaction between Dcr-1 and Loqs-PB as well as the weak interaction between Dcr-1 and Loqs-PA are RNA-independent.
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www.rnajournal.org 5 but not depletion of Loqs-BC or Loqs-C, caused a derepression of a Renilla luciferase sensor for esi-2.1 (Supplemental Fig. S2) . We also noted a reduction of klarsicht siRNAs and sequences derived from the transposon DM1731 upon loqs-ORF knockdown, but not upon Loqs-BC depletion (Fig. 3B) . Probing the same membrane for three miRNAs revealed a slight reduction in mature miRNA levels and a slight but detectable accumulation of pre-miRNAs in dcr-1, loqs-ORF, and loqs-BC knockdown cells (Fig. 3B) . Considered together, these results support a dependence of various categories of endo-siRNAs on the Loqs-PD isoform.
Given the effect of loqs-ORF knockdowns on repeat endo-siRNAs, we probed the potential impact of loqs mutations on transposon silencing. All endo-siRNAs that correspond to repeats and that were 21 nt in length were extracted bioinformatically, and heat maps showing their relative abundance were created for the indicated libraries (Fig. 4A) . Knockdown of dcr-2 caused a reduction of endosiRNA sequences for the majority of transposable elements as compared to the number of reads in the lacZ library, while untreated cells (''mock''), dcr-1 and r2d2 knockdowns, showed only minor, if any, effects. Depletion of all Loqs isoforms reduced levels of repeat endo-siRNAs, which at least in part correlated with dcr-2 depletion. Interestingly, we noted that knockdown of r2d2 showed a weak impact on those repetitive elements that did not depend on Loqs depletion. Plotting the abundance of repeat siRNAs in Loqs or Dcr-2-depleted cells against those in the lacZ control library showed similar patterns, with some siRNAs appearing unaffected and others showing drastic reduction in loqs-ORF or dcr-2 knockdowns (Fig. 4B,C) . Plotting the normalized read number of endo-siRNAs matching to the transposable element DM1731, which shows the highest levels of transposon-derived endo-siRNAs in S2 cells, for the lacZ, dcr-2, and loqs-ORF libraries also shows clear dependence on dcr-2 and loqs (Fig. 4D) . Interestingly, depletion of Dcr-2 and Loqs does not show identical impacts on the patterns of individual sequences over this representative transposon (Fig. 4D ). This could indicate multiple overlapping biogenesis pathways or differential affinities of one machinery for different processing sites.
Previous studies indicated that Dcr-1 preferentially binds Loqs-PB (Förstemann et al. 2005; Ye et al. 2007) , and that Dcr-2 is capable of interacting with Loqs proteins, although isoforms were not examined in that study (Czech et al. 2008 ). Here we have characterized the role of a novel Loqs isoform, Loqs-PD, in the biogenesis of various categories of endo-siRNAs. We present evidence that Loqs-PD, in addition to the canonical partner R2D2 (Liu et al. 2003) , is the predominant interacting partner for Dcr-2 in S2 cells.
Our genetic studies clearly demonstrate the differential requirement for Loqs-PD and Loqs-PB in the biogenesis of endo-siRNAs and miRNAs, respectively. Thus, it is likely that besides the intrinsic substrate specificity of the individual Dicer proteins, the identity of Dicer interacting cofactors is also crucial for the biogenesis of different classes of small RNAs. Although small dsRNA-binding proteins are clearly important for small RNA production and act as cofactors for Dicer and Drosha enzymes, their precise biochemical roles remain unclear. Our studies add complexity to the landscape of the roles of dsRBPs in small RNA biogenesis and raise fundamental questions about why so many distinct forms of these proteins are required for these pathways to operate.
MATERIALS AND METHODS

DNA constructs
An z500-base-pair DNA fragment encompassing the miR-bantam sequence was amplified by PCR and cloned into pRmHa-3 using BamHI/EcoRI sites to generate pRmHa-3-Bantam. A pair of oligos containing three imperfect binding sites for miR-bantam were annealed and cloned into pRmHa-3-Renilla ) using SalI to generate the sensor constructs for miR-bantam (pRmHa-3-Renilla-Bantam sensor). To generate epitope-tagged expression constructs, DNA fragments encoding epitope-tagged proteins were amplified by PCR and cloned into pRmHa-3 using the following restriction enzymes (SacI/KpnI for Flag-Dcr-2; EcoRI/BamHI for all T7-tagged Loqs isoforms; KpnI/BamHI for T7-R2D2; EcoRI/BamHI for T7-Ran). For TAP-tagged vectors, a pair of oligos was annealed and cloned into pMK33-NTAP (Veraksa et al. 2005 ) using XhoI and BamHI sites to generate pMK33-RZ-NTAP. DNA fragments encoding the corresponding proteins were either amplified by PCR and cloned into pMK33-RZ-NTAP using the following restriction enzymes (SacI/KpnI for Loqs-PA, PC, and PD), or subcloned from the Flag-tagged pRmHa-3 constructs using the following restriction enzymes (KpnI/BamHI for R2D2; EcoRI/blunt/BamHI-treated cDNA fragment cloned into SacI/blunt/BamHI-digested vector for Loqs-PB and Ran). DNA oligonucleotide sequences are listed in Supplemental Table S1 .
Immunoprecipitation and immunoblotting
Cells were transfected with expression constructs for epitopetagged proteins, induced with 500 mM CuSO 4 2 d after transfection, and harvested another 24 h later. Immunoprecipitation and RNase treatment were performed as previously described (Czech et al. 2008; Zhou et al. 2008) . The immunoprecipitated samples were resolved by SDS-PAGE, transferred to nitrocellulose membranes, and probed with antibodies against the T7 epitope (Novagen), the Flag-epitope (Sigma), the TAP-tag (Open Biosystems), or rabbit antibodies against Dcr-1 or Loqs. a-Tubulin was detected using an anti-a-tubulin antibody raised in mouse (Sigma).
Cell culture and dsRNA treatment S2-NP cells were maintained in Schneider's medium (Invitrogen) supplemented with 10% FBS and 1% pen-strep (Invitrogen). For dsRNA treatment, z3 3 10 6 S2-NP cells were soaked in 1.5 mL of serum-free Schneider's medium containing 10 mg of dsRNAs in 6-well plates, and 3 mL of serum-containing medium was added 45 min later. After 4 d of initial dsRNA treatment, cells were treated with dsRNAs for a second round and harvested another 4 d later. Sequences of the primers for generation the dsRNAs are listed in Supplemental Table S1 .
RT-PCR
To measure levels of various loqs transcripts upon dsRNA treatment, total RNA from S2 cells was extracted using Trizol (Invitrogen). RNA was treated with RQ1 DNase (Promega) according to the manufacturer's instructions. cDNA was synthesized by reverse transcription using Quantiscript reverse transcriptase (QIAGEN) and a mixture of oligo-dT and random hexamer primers. cDNA was amplified using primers that amplify all three isoforms (products vary by size). The PCR products were separated by agarose gel electrophoresis. Analysis was carried out with two biological replicates per sample. The sequences of the DNA oligonucleotides used in this study are listed in Supplemental Table S1 . 
Northern blotting
Total RNA was isolated using Trizol (Invitrogen). Twenty micrograms of total RNA from S2 cells or 40 mg of total RNA from flies was separated on 15% denaturing poly acrylamide gels and transferred onto Hybond-N + membranes (Amersham Biosciences) in 0.53 TBE. RNA was UV cross-linked to the membrane and pre-hybridized in ULTRAhyb-Oligo buffer (Ambion) for 1 h. DNA probes (sequences are listed in Supplemental Table S1 ) complementary to the indicated endo-siRNAs, miRNAs, and 2S rRNA were 59 radio-labeled and added to the hybridization buffer (hybridization overnight at 30°C). Membranes were washed four to six times in 13 SSC with 0.1% SDS at 30°C and exposed to PhosphorImager screens for 12-72 h. Probes were stripped by boiling the membrane twice in 0.23 SSC containing 0.1% SDS in a microwave.
Reporter assays
Transfections were performed in 384-well plate format. For each well, a total of z100 ng of plasmid DNA was transfected. To measure esi-2.1 sensor activity, 100 ng of pRmHa-3-Renilla-esi-2.1 sensor (Czech et al. 2008 ) and 2 ng of pRmHa-3-Firefly-long ) (as a control for transfection efficiency) were transfected. To measure the activity of endogenous miR-bantam, 2 ng of pRmHa-3-Firefly-long, 50 ng of pRmHa-3-RenillaBantam sensor, and 50 ng of pRmHa-3 (serving as carrier DNA) were transfected. The activity of overexpressed miR-bantam was measured by transfecting 2 ng of pRmHa-3-Firefly-long, 80 ng of pRmHa-3-Renilla-Bantam sensor, and 20 ng of pRmHa-3-Bantam. For each well, DNA was mixed with 0.8 mL of Enhancer in 15 mL of EC (QIAGEN) and incubated for 5 min at room temperature. Then 0.35 mL of Effectene reagent was added, and the mixture was immediately dispensed into each well containing z80 ng of dsRNA. After incubation for 10 min at room temperature, 40 mL of S2-NP cells (10 6 cells/mL) were dispensed into the well. Cells were induced with 200 mM CuSO 4 144 h post-transfection, and luciferase assays were performed 24 h later using DualGlo reagents (Promega). For each well, the reporter activity, referred to as relative luciferase units (RLU), was calculated as the ratio of Renilla luciferase to firefly luciferase. To calculate the effect of dsRNA treatment on the activity of specific sensors, the data points were first normalized against corresponding data points where pRmHa-3-Renilla was transfected (serving as no-site control), then normalized against samples transfected with dsRNA against LacZ.
Small RNA libraries
Small RNAs from total RNA were cloned as described ) (detailed protocol available upon request). The following small RNA libraries from total RNA were prepared for this study:
19-24 nt from untreated S2 cells (''mock''); 19-24 nt from S2 cells treated with dsRNA against Dcr-1; 19-24 nt from S2 cells treated with dsRNA against Dcr-2; 19-24 nt from S2 cells treated with dsRNA against Loqs-ORF; 19-24 nt from S2 cells treated with dsRNA against R2D2; and 19-24 nt from S2 cells treated with dsRNA against LacZ.
Libraries were sequenced using the Illumina sequencing platform. Small RNA sequences were deposited in the Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo/) under accession number GSE17171.
Bioinformatics analysis of small RNA libraries
Small RNA libraries were analyzed as described (Czech et al. 2008) . Small RNA sequences were matched to the Drosophila release 5 genome and genomes of Drosophila C virus, Flock house virus, and Cricket paralysis virus. Only reads perfectly matching the fly genome or matching to viral genomes with up to three mismatches were used for further analysis. For annotations we used FlyBase for protein-coding genes, UCSC for non-coding RNAs and transposons/repeats, and the most recent miRNA catalog (Ruby et al. 2007; Stark et al. 2007 ).
Fly stocks
loqs KO flies and flies expressing Loqs-PA and Loqs-PB isoforms were a kind gift of Qinghua Liu (University of Texas Southwestern Medical Center) ). The hypomorphic loqs f00791 flies were obtained from Bloomington (stock #18371). AGO2 414 flies were a kind gift of Haruhiko Siomi (Keiko University School of Medicine) (Okamura et al. 2004) , dcr-2 L811Fsx flies were a kind gift of Richard Carthew (Northwestern University) (Lee et al. 2004) , and r2d2 1 flies were a kind gift of Dean Smith (University of Texas Southwestern Medical Center) (Liu et al. 2003) . Flies were doublebalanced [double-balancer stock (w; Sp/CyO; Dr/TM6C,Tb), a gift from Phil Zamore (University of Massachusetts Medical Center)], then homozygous and heterozygotes flies were collected. Stock #2057 from Bloomington (Celera sequencing strain) was used as wild type.
SUPPLEMENTAL MATERIAL
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